Background: Enhancement of L-type calcium channel trafficking by ␤-subunits (Ca V ␤) remains unclear. Results: Ca V ␤ associates directly with actin filaments. In cardiomyocytes, overexpression of Ca V ␤ 2 stimulates L-type currents without altering their voltage dependence of activation. Actin cytoskeleton disruption inhibited channel up-regulation. Conclusion: Ca V ␤ anchors the channel to actin filaments for plasma membrane delivery. Significance: Novel insights into L-type channel anterograde trafficking are presented.
the association of the ␣ 1 pore-forming subunit (Ca V ␣ 1 ) with the regulatory ␤-subunit (Ca V ␤) (2, 3) . Cardiomyocytes also express T-type calcium channels, which appear more prominent at the embryonic stages (4, 5) . They differ from LCCs in their voltage sensitivity and quaternary structure. Whereas Ca V ␣ 1 of LCC associates with high affinity to Ca V ␤ through a highly conserved motif named ␣ 1 -interaction domain (6) , T-type calcium channels lack this site. Ca V ␤ is a membraneassociated guanylate kinase-like protein encompassing an Src homology 3 (SH3) domain and a guanylate kinase (GK) domain that are highly conserved among the four isoforms (Ca V ␤ 1 to Ca V ␤ 4 ) (7) (8) (9) . All subtypes are expressed in cardiac tissue, but Ca V ␤ 2 is the most prominent in the mouse and human embryonic heart, as well as adult heart (10, 11) . The relevance of this subunit for normal cardiac function and pathological conditions is highlighted by the fact that mice lacking Ca V ␤ 2 die during embryogenesis from heart malformations (12) and that its expression is altered in some myocardial dysfunctions (13) (14) (15) . Nevertheless, inactivation of its gene at adult ages has a moderate effect, suggesting the existence of compensatory mechanisms (3, 16) .
The association of Ca V ␤ 2 with Ca V 1.2␣ 1 , the main LCC in heart (4) increases calcium current density by two different mechanisms: it facilitates the voltage-dependent opening of the channel (15, 17, 18) , and it augments the number of channels in the plasma membrane (19) . The molecular mechanism by which Ca V ␤ controls the density of channels is the most controversial and least understood (20) . Several often conflicting hypotheses have been set forth to explain the molecular mechanism by which Ca V ␤ regulates Ca V ␣ 1 surface expression. It has been proposed that binding of Ca V ␤ occludes an endoplasmic reticulum retention signal located close to the ␣ 1 -interaction domain site within the intracellular loop joining repeats I and II of Ca V ␣ 1 (21) . Other studies suggested that the I-II loop contains an endoplasmic reticulum export signal that is suppressed by retention signals within the other cytoplasmic loops (22) . Additionally, binding of Ca V ␤ may also increase the density of the channels at the cell surface by reducing Ca V ␣ 1 degradation via the endoplasmic-reticulum associated protein complex (23) . Despite the mechanism postulated, it appears that association of Ca V ␤ at early stages of the channel biogenesis is a requirement for Ca V ␣ 1 targeting to the plasma membrane. It still remains elusive whether Ca V ␤ dissociates from the channel complex during their way to the plasma membrane. To arrive to the cell surface from their place of synthesis, ion channels are incorporated into vesicles that move along microtubules and actin filaments toward the plasma membrane (24) .
The fact that several SH3-containing proteins interact with actin prompted us to study the functional relationship between the Ca V ␤ and actin. Our results reveal a direct molecular interaction that leads to an increase of L-type calcium currents in the mouse cardiomyocyte HL-1 cell line (25) that depends on an intact actin cytoskeleton. We propose that association between Ca V ␤ and actin filaments facilitates the forward trafficking of the channel complex along actin filaments. Our results provide a novel framework for understanding the mechanism by which the Ca V ␤ regulates the anterograde trafficking of L-type calcium channels and offer new insights into the molecular basis underlying Ca V ␤ altered expression in the diseased heart.
EXPERIMENTAL PROCEDURES
cDNA Constructs-The coding region of the rat Ca V ␤ 2 -N3 (3) (accession number Q8VGC3-2) was either fused to mRFP (Ca V ␤ 2 -N3-mRFP) and subcloned into the lentiviral expression vector p156RRL or fused to CFP and subcloned in pcDNA3.1 (Ca V ␤ 2 -N3-CFP (26)). pEYFP-actin vector (Clontech) was used to express YFP-actin. For protein expression, the coding regions of SH3-GK (residues 24 -422 from Ca V ␤ 2 -N3) and fusion proteins SH3-GST and GST-GK were subcloned in pRSET (Invitrogen) and pGEX (GE Healthcare) vectors, respectively.
HL-1 Cell Culture-The murine atrial cardiomyocyte cell line, HL-1, was kindly provided by Dr. W. C. Claycomb (Louisiana State University Health Sciences Center). Cell culture was carried on according to the specifications for the cell line (25) . The medium contained 10% fetal bovine serum, 0.1 mM norepinephrine, 2 mM L-glutamine, and 100 units/ml penicillin/streptomycin in Claycomb medium. Exchange of media was done every 24 -48 h. For downstream applications such as virus infection, immunolabeling, imaging, and patch clamp recordings cells were split onto fibronectin precoated dishes or coverslips after showing the macroscopic beating phenotype (25) .
Viral Production and Transduction-Lentiviral production and transduction were performed as described (27) . Helper plasmids were kindly provided by Dr. Thomas Südhof (Howard Hughes Medical Institute, Stanford University). Briefly, the lentiviral expression vectors and the three helper plasmids (pRSV-REV, pMDLg/pRRE, and vesicular stomatitis virus G proteinexpressing plasmid) were co-transfected into HEK293FT cells using calcium phosphate transfection method. The HEK293FT cell culture medium containing viruses was collected 48 h after transfection, concentrated by ultracentrifugation, and stored at Ϫ80°C. Lentiviral particles were added directly to the medium of cultured HL-1 cells maintained in 3.5-cm dishes (150 -200 l of viral suspension per dish).
Immunofluorescence-HL-1 cells were seeded onto 8-well plates (ibidi) and maintained at 37°C for 24 h. All the steps during the labeling procedure were done at room temperature. The cells were washed with PBS and fixed with 4% paraformaldehyde in PBS for 10 min. After several washes, the cells were permeabilized by incubation in PBS supplemented with 0.5% Triton X-100 for 10 min and blocked for 45 min with 5% normal goat serum (Sigma) dissolved in PBS. For immunostaining of endogenous Ca V ␤ 2 , the cells were incubated for 1 h with anti-Ca V ␤ 2 antibody (Abcam, S8b-1, 1:250) diluted in blocking solution. Following several washes with PBS supplemented with 0.1% Tween 20, the cells were incubated for 1 h with anti-mouse antibody conjugated to Alexa Fluor 647 (Invitrogen, A21237, 1:5000) diluted in blocking buffer. After additional washes, actin filaments were stained using 100 nM phalloidin-ATTO 488 (Sigma) for 45 min. Following several washes with 0.1% Tween 20, PBS, the cells were fixed again with paraformaldehyde 4% for 5 min and stored at 4°C until the next day for single molecule localization super-resolution microscopy analysis.
Fluorescence Lifetime Imaging Microscopy (FLIM)-HEK293 cells expressing either Ca V ␤ 2 -N3-CFP alone or together with YFP-actin were visualized using an upright fluorescence microscope (A1 MP; Nikon Instruments Europe, Amsterdam, The Netherlands) and observed through a 25ϫ water immersion objective (NA ϭ 1.1; Nikon) at room temperature. Fluorescence was excited with 100-fs light pulses ( exc ϭ 880 nm) by two-photon excitation. Excitation light pulses were generated at a frequency of 80 MHz by a mode-locked Titan-Sapphire laser (MaiTai DeepSee; output power 2.3 W at 880 nm; Newport (Spectra Physics, Irvine, CA). The laser light was directed through the lens onto the HEK293 cells with reduced power (ϳ2-10 mW) and scanned over the sample. Fluorescence was recorded by a GaAsP hybrid photodetector (HPM-100-40; Becker & Hickl, Berlin, Germany) using appropriate filters for detecting the CFP fluorescence well separated from the YFP fluorescence (short pass filter, 500 nm; obs Ͻ 500 nm; Omega Optical, Brattleboro, VT). For the recording of YFP-actin alone before and after treatment with cytochalasin D (see Fig. 6A ), the short pass filter was removed. The use of the short pass filter allowed recording virtually only the donor emission while rejecting the emission from the YFP.
Fluorescence lifetime imaging was performed using electronics for time-correlated single photon counting (Simple-Tau 152; Becker & Hickl) and acquisition software (SPCM 9.55; Becker & Hickl) as described before (28, 29) . Lifetime images were analyzed using SPCImage 4.8 (Becker & Hickl) by fitting a bi-exponential model equation to the fluorescence decay in every pixel of the image. The bi-exponential function described best the fluorescence intensity decay for all experiments including the different combinations of the donor/acceptor pair shown in Figs. 2 and 6. The fit quality parameter 2 improved by 15% when using a bi-exponential fit function instead of a monoexponential one (data not shown). The addition of a third component resulted in no significant improvement of 2 (less than 2%). The program uses an iterative reconvolution of the exponential function with an instrument response function and a least square algorithm for finding parameters for a satisfactory fit. To include all possible populations and conformations of the CFP donor (those that do and those that eventually do not do FRET), the fluorescence lifetime displayed in FLIM images or lifetime histograms corresponds to the average fluorescence lifetime calculated as the amplitude weighted mean value using the data from the bi-exponential fit. For cytochalasin treatment, HEK293 cells were incubated for 1 h with 10 M cytochalasin D (Sigma) dissolved in DMSO. The final DMSO concentration did not exceed 0.1% (v/v).
Single-molecule Localization Microscopy (SMLM)-All measurements were done on our custom-built wide field and TIRF fluorescence microscope based on an Olympus IX-71 inverted microscope body. It uses an AOTF (AOTF nC-VIS-TN 1001; AA Opto-Electronic) to control the throughput of the two continuous wave laser sources that we used, i.e. an argon ion laser (488 nm; Coherent Innova 70C) and a 642-nm diode laser (Oxxius LBX-642-130 CIR-PP). All measurements were done with an Olympus ApoN 60ϫ oil TIRF objective (NA 1.49). TIRF was achieved by repositioning the laser beam on the back of the objective using a motorized mirror. Excitation and emission light were separated via a multiband dichroic mirror (F73-866, BS R405/488/561/633; AHF Analysentechnik) in combination with a multiple band pass filter (F72-866, 466/523/600/677; AHF Analysentechnik). Images were recorded with an EMCCD camera (Andor iXon DU897E-C00-#BV) cooled to Ϫ75°C using a resolution of 512 ϫ 512 pixels. The image from the microscope was additionally magnified via an achromatic lens (focal point, 50 mm; AC254-050-A-ML; Thorlabs). By adjusting the lens and camera position (motorized), the pixel size can be adjusted between 65 and 130 nm/pixel.
For the measurement of the HL-1 cells, the sample chamber (8-well plate; ibidi) was completely filled with oxygen scavenger containing imaging buffer at room temperature. The buffer was composed of 20 l of oxygen scavenger solution (1 mg/ml glucose oxidase, 22 g/ml catalase, 4 mM Tris(2-carboxyethyl)phosphine hydrochloride, 25 mM KCl, 20 mM Tris-HCl, pH 7.5, 50% (v/v) glycerol) added to the imaging buffer (50 mg/ml glucose, 5% (v/v) glycerol, 90 mM ␤-mercaptoethylamine in PBS). Two color single-molecule localization microscopy measurements were performed by first measuring anti-body stained Ca V ␤ 2 (excitation, 642 nm), followed by measuring phalloidin ATTO 488-stained F-actin (excitation, 488 nm). For both, 8000 images were recorded using an exposure time of 20 ms and a pixel size of 70 nm/pixel.
For the measurement of the HeLa cells, they were transfected with Ca v ␤-N3-YFP and seeded onto 8-well plates (ibidi) and maintained at 37°C for 24 h. All the steps during the labeling procedure were done at room temperature unless otherwise noted. Cells were washed with cytoskeleton buffer containing: 60 mM PIPES free base, 27 mM HEPES, 10 mM EGTA, 4 mM MgSO 4 , pH 7.0, preheated to 37°C, and then fixed with 4% paraformaldehyde in cytoskeleton buffer for 15 min. After several washes with PBS supplemented with 50 mM glycine, the cells were permeabilized with 0.2% Triton-X and stained for 15 min with 50 nM Alexa Fluor 647 phalloidin (Invitrogen, A22287) in PBS. After several washing steps with 0.1% Tween 20, PBS followed by a wash with PBS alone, the samples were measured. The sample chamber was completely filled with an alternate oxygen scavenger containing imaging buffer at room temperature. This buffer was composed of 100 mM NaPO 4 , 50 mM NaCl, 5 mM KCl, 2 mM Tris(2-carboxyethyl)phosphine hydrochloride, 50 mM ␤-mercaptoethylamine, 10% (w/v) glucose, 0.5 mg/ml glucose oxidase, 40 g/ml catalase and had a pH of 7.0. Two color single-molecule localization microscopy measurements were performed by first measuring F-actin stained with Alexa Fluor 647 phalloidin (excitation, 642 nm), followed by measuring Ca v ␤ 2a -YFP (excitation, 488 nm). For both, 4000 images were recorded using an exposure time of 50 ms and a pixel size of 80 nm/pixel. Localization information for SMLM was performed using the RapidSTORM (30) and SNS-MIL software. SNSMIL (Shot Noise-based Single Molecule Identification and Localization) was developed by Y. Tang and L. Dai in the labs of Prof. J. Li (National Center of Nanoscience and Technology, Beijing, China) and Dr. T. Gensch.
Protein Purification-GST alone and fusion proteins SH3-GST and GST-GK and the N-terminal hexahistidine SH3-GK were expressed in bacteria and purified as previously described (31, 32) . Briefly, the proteins were expressed in Escherichia coli (BL-21) by 2 h of induction with 1 mM isopropyl ␤-D-thiogalactopyranoside. After lysis, the soluble fraction was loaded onto a metal (Ni 2ϩ ) affinity column (SH3-GK) or a gluthathionebased column (GST, SH3-GST, and GST-GK) attached to an AKTA-FPLC system (GE Healthcare). The eluates were collected, pooled, and loaded onto a 26/60 Superdex 200 column (GE Healthcare). After size exclusion chromatography, the eluates were collected, concentrated by ultracentrifugation, and stored in aliquots at Ϫ80°C until use except for the GST-GK protein that was used fresh.
F-actin Co-sedimentation Assay-The assay was performed as described in the actin-binding protein biochem kit (Cytoskeleton, Inc.). Briefly, rabbit muscle actin was incubated with either SH3-GK, SH3-GST, GST-GK or GST alone in actin polymerization buffer for 30 min. After centrifugation (150,000 ϫ g for 1.5 h), the pellet fraction was diluted in the same volume as the supernatant. The fractions were resolved by reducing SDS-PAGE, and the proteins were stained with Coomassie Blue.
Electrophysiology-Calcium currents were recorded using whole cell patch clamp 24 -72 h after splitting with a HEKA EPC 10 amplifier using patch master software as described (33) . The extracellular solution contained 157 mM tetraethylammonium Cl, 5 mM CaCl 2 , 0.5 mM MgCl 2 , and 10 mM HEPES, pH 7.4. The pipette solution contained 125 mM CsCl, 20 mM tetraethylammonium Cl, 3.6 mM PCr-Na 2 , 10 mM EGTA, 5 mM Mg-ATP, 0.2 mM Na-GTP, and 10 mM HEPES, pH 7.35 (34) . Borosilicate pipettes with resistances of 1-3 M⍀ were pulled on a Sutter P-97 puller (Harvard Apparatus) and fire-polished using a Narishige MF-900 microforge. Ca 2ϩ currents were measured during 200-ms test pulses ranging from Ϫ70 to ϩ70 mV in 10-mV increments using two different protocol pulses: (i) from holding potential of Ϫ90 mV (HP Ϫ90) and (ii) from a holding potential of Ϫ40 mV (HP Ϫ40). The total calcium current (I Ca,LϩT ) was recorded with HP Ϫ90, whereas the L-type currents (I Ca,L ) were recorded using HP Ϫ40 where most of the T-type current component (I Ca,T ) is inactivated. I Ca,T is obtained then by subtracting from the current trace recorded at HP Ϫ90 the one recorded with HP Ϫ40 at a given voltage step Actin/␤-Subunit Binding Regulates L-type Channels FEBRUARY 20, 2015 • VOLUME 290 • NUMBER 8 JOURNAL OF BIOLOGICAL CHEMISTRY 4563 (35, 36) . Because the overexpression of Ca V ␤ 2 -N3 might cause a shift in the voltage dependence of I Ca,L (18, 31) , we compared the electrophysiological dissection of I Ca,L and I Ca,T to a pharmacological separation of the calcium currents using the L-type calcium channel blocker amlodipine. The relative contribution of L-type calcium channels in cells overexpressing Ca V ␤ 2 estimated by subtracting the remaining current after amlodipine application from the total calcium current was 0.32. Ϯ 0.02 (n ϭ 3), which was similar to 0.44 Ϯ 0.05 (n ϭ 15; p ϭ 0.276) as estimated by a comparison of the peak current amplitudes using HP Ϫ40.
Currents were leak-subtracted using a P/4 protocol. For cytochalasin treatment, HL-1 cells were incubated for 1 h with 10 M cytochalasin D (Sigma) dissolved in DMSO. The final DMSO did not exceed 0.1% (v/v). Measurements were done at room temperature (22°C).
Data Analysis-L-type calcium peak current densities were compared using Student's t test in SigmaPlot 11.0 (Systat Software Inc.). The voltages of half-maximal activation were obtained by fitting a plot of the current-voltage relation for each cell according to Equation 1 ,
where I is the macroscopic current, G is the maximum conductance, V is the voltage, V rev is the reversal potential, V1 ⁄ 2 is the half-maximal activation, and k the slope. Plots of the fraction of activated channels were calculated by dividing peak current amplitudes by the normalized maximum conductance (I peak / (V Ϫ V rev )) and were fitted with the Boltzmann function according to Equation 2 ,
with P open being the open probability at the desired voltage. A two-tailed Student's t test was used to compare the samples. The values are expressed as means Ϯ S.E.
RESULTS
Ca V ␤ Associates with Actin Filaments in Vitro via the SH3 and GK Domains-We first studied the ability of Ca V ␤ 2 to interact with actin filaments in vitro using a co-sedimentation assay (Fig. 1) . The assay consists of dissolving actin in a polymerization buffer to promote the formation of the filamentous form (F-actin). After ultracentrifugation, F-actin is found in the pellet, whereas only a minor amount of monomeric actin could be seen in the supernatant (Fig. 1A) . Proteins that associate with FIGURE 1. Ca V ␤ associates with actin filaments in vitro. A, F-actin co-sedimentation assay. Actin is dissolved in a polymerization buffer that promotes its filament formation and then is either incubated or not with the test proteins. BSA and ␣-actinin were used as negative and positive controls, respectively. After centrifugation, the supernatant (S) and pellet (P) fractions are separated and resolved by SDS-PAGE. Although BSA is always found in the supernatant, the actin-binding protein ␣-actinin is found in the supernatant in the absence of actin but pelleted after incubation with F-actin. B, schematic of Ca V ␤ 2 domain structure and protein constructs used in the co-sedimentation assays. The variable N-terminal segment among the Ca V ␤ 2 splice variants is shown in gray. The SH3-GK construct used here is identical for all Ca V ␤ 2 variants. C-E, F-actin co-sedimentation assay for the Ca V ␤ 2 -derived constructs indicated on the right margin. F, GST is not found in the pellet fraction. The numbers denote the molecular mass of standards in kDa. Each assay was repeated three times.
F-actin like ␣-actinin are then recovered together in the pellet fraction, whereas noninteracting proteins are found in the supernatant (Fig. 1A) . The gene for Ca V ␤ 2 encodes different splice variants that are identical except for a short segment at the N terminus ( Fig. 1B) (3, 11) . Because no full-length Ca V ␤ 2 was found to be stable in the actin-polymerization buffer, we constructed a derivative encompassing the highly conserved SH3 and GK domains that are identical among all Ca V ␤ 2 splice variants (Fig. 1B, SH3-GK) . SH3-GK alone was found exclusively in the supernatant, but it pelleted in the presence of F-actin without perturbing the apparent equilibrium between monomeric and F-actin (Fig. 1C) . This result demonstrates that Ca V ␤ 2 associates preferentially with F-actin and suggests that actin association is a common property of the members of the Ca V ␤ family that share a common SH3/GK domain structure (7-9).
Next we assessed the contribution to actin binding of the SH3 and GK domains in isolation. To circumvent the problem of reduced protein stability observed for recombinant GK domains (37), we replaced each domain separately by GST to generate GST-GK and SH3-GST ( Fig. 1B) . Although the SH3-GST construct pelleted only with F-actin, a small fraction of GST-GK was found in the pellet in the absence of actin, indicating that replacement of the SH3 domain by GST still reduced GK stability (Fig. 1, D and E) . Nevertheless, the amount of GST-GK found in the pellet increased after being incubated with F-actin. GST alone was excluded from the pellet in all conditions (Fig. 1F ). Together, these results indicate that both SH3 and GK contribute to actin binding and highlight the idea that binding to F-actin is a property shared by all Ca V ␤s.
Ca V ␤ Associates with Actin in Vivo-Next, we investigated the existence of Ca V ␤ 2 ⅐actin complexes in vivo using FLIM (38) . The fluorescence lifetime of a given fluorophore (donor) is affected by FRET if it is in close physical proximity-below a few nanometers-to another fluorophore (acceptor) with an excitation spectrum overlapping the donor emission spectrum. When FRET occurs, the lifetime of the donor decreases because of its quenching.
To perform FLIM-FRET experiments, Ca V ␤ 2 -N3 and actin were fused to CFP and YFP acting as donor and acceptor, respectively. Fig. 2A shows fluorescence intensity (left panel) and color-coded lifetime (right panel) images obtained by twophoton excitation microscopy of HEK cells expressing Ca V ␤ 2 -N3-CFP alone or together with YFP-actin. The apparent membrane staining given by Ca V ␤ 2 -N3 is due to its ability of being palmitoylated and to associate with the plasma membrane even in the absence of the ␣ 1 -subunit (39) . Co-expression of Ca V ␤ 2 -N3-CFP with YFP-actin resulted in a decrease of the mean lifetime constant of the donor fluorescence by ϳ24% (Fig. 2, B and C). Mean fluorescence decay time constants of Ca V ␤ 2 -N3-CFP alone were similar to those obtained for CFP alone. Control experiments using either Ca V ␤ 2 -N3-CFP/YFP or CFP/YFP-actin also resulted in time constants that were indistinguishable from the values for cells expressing CFP alone (Fig. 2, B and C, and Table 1 ). These results demonstrate a specific co-localization between Ca V ␤ 2 -N3 and actin in the cell interior on a nanometer scale.
SMLM Demonstrates That the Ca V ␤ 2 -N3-YFP Spatially
Overlaps with Actin Filaments-We used SMLM to resolve the spatial organization of Ca V ␤ and actin inside of HeLa cells (30, 40) . SMLM is based on the detection of single photoswitchable molecules from a vast population by activating a small subset and determining their locations. A final image is reconstituted by summing all the encountered molecular positions (localizations). To detect Ca V ␤, we fused it to YFP and expressed the fusion Ca V ␤ 2 -N3-YFP protein in HeLa cells. The actin filaments were stained with the high affinity probe phalloidin coupled to Alexa Fluor 647. SMLM images from these cells reveal an extensive degree of spatial overlap between Ca V ␤ and F-actin (Fig. 3A) . The Ca V ␤⅐F-actin structures extend to different lengths and are broadly distributed throughout the cell from nearby the plasma membrane to the nuclear periphery (Fig. 3, B and C, left panels). A projection of the localizations within a cross-section along these structures in two different intracellular regions shows similar widths for the distribution of Ca V ␤ 2 and F-actin that fully overlap (Fig. 3, B and C, right panels).
SMLM Demonstrates That the Ca V ␤ 2 Subunit Is Distributed along Actin Filaments in HL-1 Cardiomyocytes-To reconstitute the native arrangement of Ca V ␤ 2 and actin, we used the HL-1 cardiac cell line. Endogenous Ca V ␤ 2 was immunodetected using an antibody against a sequence conserved among all Ca V ␤ 2 splice variants. In control experiments, no signal was detected when the primary anti-Ca V ␤ 2 antibody was omitted (Fig. 4A) . The specificity of the antibody was tested in HEK293 cells that do not express endogenous Ca V ␤ 2 . Although a diffuse background signal was observed in an image of HL-1 cells, the SMLM analysis resulted in only few localizations that did not show any spatial correlation relative to phalloidin labeled F-actin (Fig. 4B) .
In contrast, TIRF images from HL-1 cells subjected to the same labeling procedure for Ca V ␤ 2 and F-actin showed a large number of streaklike structures formed by Ca V ␤ 2 that closely follow the actin filaments (Fig. 4C ). SMLM images demonstrate that Ca V ␤ 2 is distributed along actin filaments over distances covering several micrometers including furcations and branches. The full width at half-maximum obtained from a fit of a Gaussian function to the cross-sectional distribution of the localizations yielded widths for the Ca V ␤ 2 -based structures ranging from 80 to 250 nm correlating nicely with the width of actin bundles (41) (Fig. 4C) as observed in HeLa cells. The Ca V ␤ 2 -actin streaklike structures recall cargo transport along actin tracks (24) , giving rise to the idea that the Ca V ␤ may serve to anchor the channel complex to F-actin during its intracellular trafficking itinerary.
Overexpression of Ca V ␤ 2 -N3 in HL-1 Cardiomyocytes Upregulates L-type Calcium Currents-Whole cell patch clamp recordings from native HL-1 cells held at Ϫ90 mV (HP Ϫ90) show a sum of two types of calcium currents, a large fast inactivating current, attributed to the T-type channel mediated current (I Ca,T ), and a relatively small slowly inactivating current, corresponding to L-type currents (I Ca,L ) (34) (Fig. 5A) . T-type calcium channels differ from LCC in their voltage sensitivity and do not associate with Ca V ␤ (2). Dissection of I Ca,L from I Ca,T was done by using a holding potential of Ϫ40 mV (HP Ϫ40), where T-type calcium channels are already inactivated, and thus their contribution to the recorded calcium current is negligible (35, 36) ( Fig. 5A, right panel) .
Lentiviral transduction of Ca V ␤ 2 -N3 fused to mRFP significantly increased I Ca,L at all voltages as shown in the current density versus voltage (I-V) plot (Fig. 5B ). Transduction of mRFP alone did not alter I Ca,L (data not shown). Overexpression of Ca V ␤ 2 -N3 induced a 2-fold increase in the peak I Ca,L current obtained from the I-V curves (Fig. 5, B and C) . I Ca,L is given by the product of the probability that the channel is open, the single channel current amplitude, and the number of channels in the plasma membrane. Therefore, the increased current density may result from alterations in the electrical activity and/or the surface expression of the channel. Ca V ␤ does not alter the single-channel current amplitude of L-type calcium channels (42, 43) , and changes in the open probability of Ca V 1.2 induced by Ca V ␤ 2 are caused by a shift in the voltage dependence of the activation toward more hyperpolarized voltages (18, 44) . We found that the increase in the L-type current density upon overexpression of Ca V ␤ 2 -N3 occurs without alterations in the voltage-dependent activation of the channel. The relative fractions of activated channels at each potential are virtually identical between native HL-1 cells and transduced with Ca V ␤ 2 -N3 (Fig. 5D) . The voltage at which the half-maximal activation (V1 ⁄ 2 ) takes place in native cells is statistically equal for cells expressing Ca V ␤ 2 -N3 ( Table 2 ). We conclude that Ca V ␤ 2 -N3 up-regulates I Ca,L by increasing the number of channels. This is consistent with previous studies showing that overexpression of different Ca V ␤, including the Ca V ␤ 2 -N3 variant, in cultured rat cardiomyocytes augments the number of functional channels in the cell surface (18) .
The Actin Filament Disrupter Cytochalasin D Inhibits the Association of Ca V ␤ 2 -N3 with Actin and the Up-regulation of L-type Calcium Currents-To test our hypothesis, we next studied L-type-mediated currents in native HL-1 cells and cells overexpressing ␤ 2a after pharmacological disruption of the actin cytoskeleton using cytochalasin D. We repeated the FLIM-FRET experiments shown in Fig. 2 but following incubation of the cells with 100 M cytochalasin D for 1 h. The actin cytoskeleton was severely disturbed upon this treatment as seen by the spotted actin pattern in cells expressing YFP-actin alone (Fig. 6A ). The decay of donor fluorescence intensity in the presence of actin is no longer accelerated after cytochalasin D treatment (Fig. 6, B and C) . Mean donor fluorescence time constants obtained for the Ca V ␤ 2 -N3-CFP/YFP-actin pair were also similar to those obtained from nontreated cells expressing Ca V ␤ 2 -N3-CFP only ( Fig. 6D and Table 1 ). This absence of FRET indicates a loss of the Ca V ␤⅐F-actin interaction following the disruption of the actin cytoskeleton.
Whole cell recordings from native HL-1 cells or cells transduced with Ca V ␤ 2 -N3-mRFP following the same treatment with cytochalasin D showed only small currents through L-type calcium channels (Fig. 6E ). There was a slight tendency toward a reduction of the already low I Ca,L amplitude when compared with native HL-1 cells that were not treated with cytochalasin D. More pronounced, the increase in I Ca,L induced by overexpression of Ca V ␤ 2 -N3 was significantly reduced by disruption of the actin cytoskeleton without alterations in the voltage dependence of activation (Fig. 6, F and G, and Table 2 ). These results support our initial hypothesis of a role of the Ca V ␤⅐Factin complex in sustaining the forward trafficking of LCC in HL-1 cells and emphasize the notion that the availability of Ca V ␤ is the rate-limiting step for the channel surface expression in native cells (45) .
TABLE 1 Parameters describing the distribution of the CFP fluorescence lifetimes in cells expressing various combinations of donor and acceptor constructs
The values were obtained from FLIM-FRET recordings of cells expressing the donor/acceptor combinations indicated. Mean, maximum, and minimum values were calculated over all values for each condition. 
DISCUSSION
Here we demonstrate a direct association between Ca V ␤ and actin filaments that increases L-type currents in HL-1 cells. Given that the single channel conductance is not altered by Ca V ␤ (42, 43) , an increase in the current density might arise from an increase in the channel's open probability and/or in the number of channels expressed at the plasma membrane (17, 19, 46) . Increases in gating currents that reflect a rise in the number of channels have been observed upon overexpression of Ca V ␤ 2 -N3 and other Ca V ␤ isoforms in cardiomyocytes (18) .
All experimental data published so far show that Ca V ␤-induced increase of the open probability of Ca V channels is associated with a shift in the voltage dependence of the activation threshold toward more hyperpolarized voltages (44) . The absence of such changes in the voltage dependence of activation of the channels (Figs. 5 and 6) indicates that open probabilities are unchanged upon Ca V ␤ overexpression and/or cytochalasin treatment. Although we cannot formally exclude the occurrence of changes in absolute open probabilities that are not reflected in the voltage-dependent activation of the channel, it appears very unlikely that Ca V ␤ affects voltage-independent gating transitions.
Forward trafficking of vesicular cargo, particularly in the final transport step to the plasma membrane, is sustained by actin filaments (24, 47) . Within this framework, the findings presented here suggest a model of actin-dependent anterograde LCC trafficking mediated by Ca V ␤. Newly synthesized channels are transported from the trans-Golgi network to the vicinity of the plasma membrane along microtubules (48) . In the vicinity of the cell surface where the microtubule network is mostly replaced by actin cytoskeleton (24), Ca V ␤ would promote the recruitment of channel complexes via its direct association with F-actin that serve as tracks for transporting the channels to their final destination in the plasma membrane. It has been proposed that in cardiomyocytes vesicles containing Ca V 1.2 L-type channels are transported along microtubules to BIN1 scaffolding protein for their specific delivery (48) . It will be of interest to investigate whether the interaction between Ca V ␤ and actin contributes to this directed targeting of L-type channel complexes.
The TIRF-based super-resolution microscopy reveals streaklike structures formed by Ca V ␤ along actin filaments over several micrometers. Because fluorescent excitation and, subse- 
TABLE 2 Parameters describing the best fit of a modified Boltzmann equation to the I-V plot for the indicated conditions
The values were obtained from a statistical analysis of values obtained from a fit of a modified Boltzmann function as stated under "Experimental Procedures." There is no statistical difference in either V1 ⁄2 or the slope (k). Cyt D, cytochalasin D. quently, emission is restricted to the plasma membrane and the regions immediately nearby, we cannot precisely determine the spatial arrangement of protein complexes deeper into the cell. However, our data from FRET-FLIM predict a formation of Ca V ␤⅐F-actin complexes also in the interior of the cell. Recently it has been suggested that actin filaments can also sustain long range vesicle transport (49) . Whether or not actin filaments support long range transport of vesicles containing Ca V ␣ 1 is not inferable from our experiments.
Cyt
The direction of the changes in calcium channel activity caused by overexpression of the Ca V ␤ 2 -N3 in HL-1 cells resembles those alterations during the transition of the myocyte toward the adult phenotype. This suggests a role of the Ca V ␤ in cardiomyocyte maturation that is consistent with the observation that Ca V ␤ 2 expression levels increase from the embryonic to early postnatal stages (11) .
Despite the fact that the minute L-type component recorded from nontransduced cells limited the detection of changes in FIGURE 6. Disruption of the actin cytoskeleton by cytochalasin D inhibits Ca V ␤ 2 -actin interaction and the increase of I Ca,L induced by this subunit in HL-1 cells. A, representative images of HEK293 cells expressing only YFP-actin acquired using two-photon excitation microscopy before and after incubation in 100 M cytochalasin D for 1 h. Scale bars, 10 m. B, representative images of HEK293 cells co-expressing Ca V ␤ 2 -N3-CFP and YFP-actin acquired using two-photon excitation microscopy after incubation in 100 M cytochalasin D for 1 h. Scale bars, 10 m. C, representative plots of the decay of Ca V ␤ 2 -N3-CFP fluorescence intensity following incubation with cytochalasin D from cells expressing this construct alone or together with YFP-actin. D, histogram of the donor fluorescence lifetime ( CFP ) for cells expressing Ca V ␤ 2 -N3-CFP alone or together with YFP-actin after cytochalasin D treatment. E, representative current traces from HL-1 cells showing L-type calcium currents (I Ca,L ) recorded with the indicated protocol pulse from a holding potential of Ϫ40 mV (HP Ϫ40) and average current density-to-voltage (I-V) curves. Native HL-1 cells (Ϫ␤ 2 ) or cells transduced with Ca V ␤ 2 -N3-mRFP (ϩ␤ 2 ) are shown after incubation with 100 M cytochalasin D. F, fraction of activated channels versus voltage following incubation with cytochalasin D as calculated from B is shown for cells overexpressing Ca V ␤ 2 -N3 (black circles). For comparison, the fit to a Boltzmann function obtained from nontransduced, noncytochalasin treated cells (dotted line) is shown. G, graph of the I Ca,L peak amplitudes calculated from the I-V plots shown in E. Black bars show values from nontreated cells (from Fig. 5C ), whereas white bars show values from cells incubated with cytochalasin D. The difference after treatment with cytochalasin is significant (p Յ 0.01) only for cells overexpressing Ca V ␤ 2 . CytD, cytochalasin D.
the current amplitude, treatment with cytochalasin D by itself did not significantly alter I Ca,L in nontransduced cells. This confirms previous suggestions that the expression of the ␤-subunit is the rate-limiting step for L-type current expression in heart (18, 46) . Although unlikely, we cannot discard the existence of a set of functionally active LCC not associated with actin that gives rise to I Ca,L in nontransduced cells. Increases in LCC and Ca V ␤ expression underlie several myocardial dysfunctions (13, 15) . Thus, the up-regulation of LCC by Ca V ␤⅐actin complexes in cells overexpressing Ca V ␤ 2 -N3 mimics a state observed in certain pathological conditions. Our study provides novel insights into the puzzling mechanism by which Ca V ␤ regulates the number of channels in the plasma membrane and new theoretical considerations for understanding Ca V ␤ altered expression in diseased heart.
